An enzyme-linked immunosorbent assay (ELISA) in which the antigen is captured to the plate by monoclonal antibodies (MACELISA) was developed for the detection of antibodies to transmissible gastroenteritis virus (TGEV). The viral antigen was semipurified from TGEV-infected cells by simple ultracentrifugation. MACELISA results with 258 field sera were compared with those of a standard indirect ELISA and with the virus neutralization test (VNT). Sensitivity, specificity, and kappa values of MACELISA indicated a strong correlation with VNT results, whereas an indirect ELISA was less sensitive and much less specific than VNT. The serologic response of 4 pigs orally inoculated and intraperitoneally boostered with TGEV was compared using the 3 tests. Its sensitivity, specificity, and ability to use unpurified antigen make the MACELISA the advisable first step in TGEV serodiagnosis.
replace VNT as the first step in TGEV serodiagnosis, cross-neutralization and are therefore both detected by virus neutralization tests (VNT), using cell-culture adapted strains of TGEV. Differential serodiagnosis of both infections is now possible by competitive-inhibition enzyme-linked immunosorbent assay (ELISA) using TGEV-specific monoclonal antibodies (MAbs). 5, 7, 21 VNT is used as the first step in the serodiagnosis of both infections because the competitive differential ELISAs are more suitable for diagnosis on a herd basis rather than in individuals because of their limited sensitivity. 7 VNT, despite its great reliability, is time consuming and not suitable for testing large numbers of sera. Furthermore, some pig serum may have cytotoxic activity and cannot be tested by this method at low dilutions.
Reliable results from an ELISA are dependent upon, among other aspects, the use of pure antigens. The
Materials and methods
Cell culture. Swine testicle (ST) a cells were used for virus propagation and for VNT. The cultures were grown on Dulbecco's modified minimal essential medium supplemented with 1 g/liter glucose, 0.85 g/liter sodium bicarbonate, 25 mM HEPES, 50 mg/liter gentamicin, 100 mg/liter kanamycin, and 10% heat-inactivated fetal calf serum (FCS).
Viral antigen. The attenuated Purdue strain a of TGEV was propagated on ST cells. After 48 hr of infection, the cytopathic effect was 80-90%, and the cultures were frozen at -30 C. For ELISA antigen preparation, thawed harvested fluids were sonicated and then clarified by low-speed centrifugation (1,500 x g for 10 min). The supernatants were concentrated 80-fold by differential ultracentrifugation at 100,000 x g for 1 hr at 4 C, using a Beckman c 70 TI rotor. An aliquot of 0.1 M phosphate-buffered saline (PBS), pH 7.2, was added to the resulting pellets and allowed to resuspend overnight at 4 C. Solutions were sonicated, diluted 1:1 (V/ V) with glycerol, and kept at -30 C until titrated.
Control antigen. Control antigen was prepared from mockinfected ST cells using the same procedures as for the viral antigen. Indirect ELISA. Volumes of 100 µl/well were used in every step. Alternating vertical rows of microtiter ELISA plates d were coated with optimal dilutions in 0.1 M PBS, pH 7.2, of viral or control antigen (31 µg protein/well) as determined by checkerboard titration and incubated overnight at 4 C. Plates were washed 4 times with 0.01% (V/V) Tween 80 in demineralized water, and remaining binding sites were blocked with 2% (W/V) gelatin in 0.1 M PBS for 2 hr at 37 C in a water bath. After 2 washing cycles, 2-fold dilutions of sera, starting at 1:20, were added to 1 well containing TGEV antigen and to 1 well containing control antigen. Sera were diluted in 0.5 M PBS with 10% (V/V) FCS and 0.001% (V/ V) Tween 80. Sealed plates were then incubated for 2 hr at 37 C in a water bath and washed 4 times. Horseradishperoxidase-conjugated rabbit anti-swine IgG, e diluted in the same buffer as sera, was added, and incubation continued for 1 hr at 37 C. After 6 washing cycles, cromogen substrate solution (0.005% H 2 O 2 and 1 mg/ml 5-aminosalicylic acid in phosphate-ethylenediaminetetraacetic acid buffer) was added. Plates were read at 450 nm wavelength, using a Multiskan plus MKII f reader.
ELISA values were calculated by subtracting the absorbance of the wells containing control antigen from that of the wells containing viral antigen. A cutoff value was obtained from the mean ELISA value of 30 VNT-negative field sera plus 2 standard deviations.
Monoclonal antibody capture ELISA. Plates were first coated with 2 MAbs, 6A.C3 and 1D.B12, g directed towards different epitopes located in the S protein of TGEV. 17 One hundred microliters of a 1:20,000 dilution in 0.01 M carbonate buffer, pH 9.6, of ascites fluids containing both MAbs was added to all wells in the plates and incubated overnight at 37 C. Plates were washed 3 times, and the viral or the control antigen was added to alternating columns. The antigen was diluted up to 8 µg/well in 0.1 M PBS, pH 7.2, with 10% (V/V) FCS and 0.01% (V/V) Tween 80. Plates were then incubated for 5 hr at 37 C, and after 4 washing cycles, test sera were added in 2-fold dilutions, starting at 1:40. The rest of the test was performed exactly as the indirect ELISA. The cutoff value was determined from the mean ELISA value of 116 VNT-negative field sera plus 3 standard deviations.
Virus neutralization test. The VNT was performed as previously described 29 on microtiter plates using ST cells. Titers were determined as the reciprocal dilutions of sera able to neutralize 100 TCID 50 of the Purdue strain of TGEV in 50% of the replicates.
Animals. Four 45-day-old conventional pigs, seronegative to TGEV/PRCV, were orally inoculated with 5 x 10 4 TCID 50 of TGEV Purdue strain of cell culture origin. The same animals were boostered intraperitoneally 15, 30, and 48 days later with 10 3.8 TCID 50 of the same viral strain. Blood samples were obtained from the anterior vena cava at days 0, 15, 30, 40, and 50 of the experiment. All sera obtained after the intraperitoneal inoculations were adsorbed with noninfected ST cells to remove antibodies against cellular glycoproteins.
Field sera. Two hundred fifty-eight sow serum samples from 30 different farms were collected at the slaughterhouse.
Statistics. Sensitivity, specificity, and kappa statistic values were calculated with the EPISCOPE computer program. 12 Correlation coefficients were calculated with the EPI INFO computer program. 1
Results
Evaluation of indirect ELISA and MACELISA tests as screening methods. Field sera were tested by VNT, which was considered as the reference test, scored as positive or negative, and then tested by an indirect ELISA and MACELISA. Tables 1 and 2 show the results of the VNT compared with each type of ELISA as 2 x 2 contingency tables. Using VNT as the reference test, sensitivity, specificity, and kappa statistic 18 values were calculated for the indirect ELISA and MACELISA from the data shown in Tables 1 and 2 . Because of the great number of false-positive results, the specificity of the indirect ELISA was low. The kappa statistic, which shows the agreement beyond chance of 2 screening tests, was also low. However, MACEL-ISA showed much higher sensitivity and specificity, and the kappa value showed good agreement with VNT results.
Comparison of indirect ELISA and MACELISA values.
The values for 258 field sera, tested by both indirect ELISA and MACELISA, were classified at intervals ( Figs. 1, 2) . Values for VNT-positive sera were much higher with the MACELISA than the indirect ELISA. Likewise, absorbances of negative sera were much lower with MACELISA than by indirect ELISA.
Values were normally distributed with the MACEL- ISA, which allowed a clear cutoff between positives and negatives. The absorbances obtained by the indirect ELISA were not normally distributed, and the threshold value was not as clear.
Evolution of serum antibody titers in experimentally infected pigs. Geometric mean titers (GMT) obtained from the 4 inoculated pigs in the 3 tests are shown in Table 3 . The evolution of GMT is shown in Fig. 3 . Correlation coefficients between VNT and both ELISA tests were calculated from the individual titers of the pigs; r = 0.96 for VNT-indirect ELISA and r = 0.97 for VNT-MACELISA. There was a parallel evolution of titers, as detected by the 3 tests, and their magnitudes were similar by VNT and by indirect ELISA. However, MACELISA GMT were IO-fold higher in sera taken on days 30, 40, and 50 of the experiment, even though on day 15, the GMTs were more similar.
Discussion
VNT has been the serologic test most frequently used both for serodiagnosis and seroepidemiology of TGEV, 3 therefore it is considered the reference for any other test. ELISA tests are reliable, easier to perform than VNT, and can be automated, which allows testing of large numbers of sera. 28 Both indirect ELISA and MACELISA share the same virus purification, such as density gradient centrifugation, are not necessary. The low specificity of the indirect ELISA could be explained by the presence of proteins of cellular origin in the antigen preparation. The quantity of viral antigen adsorbed to the solid phase depends upon the absolute and the relative amount of viral protein in the antigen preparation. 14 In our antigen, the absolute content of virus was high ( 10 9 TCID 50 /ml), but the relative amount was probably low, because of the cellular proteins. These proteins compete with the virus for the binding sites in the solid phase, thus decreasing the quantity of viral protein adsorbed to the plate and, accordingly, the sensitivity of the test. Table 3 . Geometric mean serum antibody titers of TGEV-infected pigs for the virus neutralization test (VNT), the indirect ELISA, and the monoclonal antibody capture ELISA (MACELISA). antigenic preparation. The production of this semipurified antigen is quite simple, and laborious steps of In MACELISA, viral antigen is affinity purified by the MAb coated on to the plate. This modification in the protocol with respect to the indirect ELISA makes it possible to use a semipurified antigen and to obtain results comparable with those of VNT. The MAb used to coat the solid phase should allow relevant antigenic sites in the virus to be exposed 2 so they can be recognized by serum antibodies. The MAbs we used are directed toward different epitopes located at 2 distinct antigenic sites of the S peplomer protein of TGEV. Both antigenic sites are located in the external globular part of the peplomer, which is more exposed than the fibrillar C-terminal portion of the S protein. 8 A variant of ELISA involving 3 MAbs has been described, 2 but results were less sensitive than those of VNT. Two of the MAbs used in that study were directed against internal proteins of the virus (M and N). Attachment of the virus to the plate by means of internal proteins may lead to a decrease in sensitivity, 2 depending on the particular coronavirus structure.
The avidity of the MAb to the virus is another important aspect to be considered in the choice of appropriate MAbs. We used 2 MAbs (1 DB 12 and 6AC3) that are specific for the S (peplomer) protein of TGEV, the antigenically dominant protein in the virus. Both MAbs are directed toward very stable epitopes in the virus that have not been modified in 11 strains of TGEV isolated between 1946 and 1988. 27 The use of MAbs to bind the viral antigen to the plate opens the possibility of using nonpurified antigens, thus avoiding the laborious steps of virus purification and obtaining a sensitive and specific test. 1 Geometric mean antibody titers detected by the indirect ELISA and VNT were of similar magnitude because they represented the kinetic of serum antibody response after the different viral inoculations. MA-CELISA was, however, more sensitive than VNT, because GMTs by this test were 4-fold higher than by VNT on experiment day 15, 8-fold on day 30, and 11fold on days 40 and 50.
Twelve VNT-positive field sera were scored as negative by MACELISA. Additionally, differences between VNT and MACELISA values in the experimentally infected pigs were smaller at the beginning of the experiment. Neutralizing IgM antibodies, which predominate soon after the infection, can be the cause of discrepancies between VNT and MACELISA results. 25 MACELISA is easy to perform and has high sensitivity and specificity, and the results agree closely with those of the VNT. The use of a cheap and easy to obtain semipurified antigen makes this the best test for the first step in the serodiagnosis of TGEV. Because of serologic cross-reaction, MACELISA can be useful for detecting serum antibodies to PRCV; but because antibodies against TGEV or PRCV cannot be distinguished by this test, it should be used in conjunction with a TGEV-specific test.
